S urgery is an effective option for the treatment of drugresistant epilepsy 28 for patients in whom the epileptogenic zone, defined as "the site of the beginning and of primary organization of the epileptic seizures," 21 can be safely removed. Despite advancements in the presurgical noninvasive workup, a number of patients still undergo intracranial electroencephalography. 13, 16, 17, 19, 21, 22 Stereoelec-troencephalography (SEEG) is one of the most prominent methods for direct recording of brain electrical activity and has recently spread beyond the European borders. 5, 24 This method is safe, when performed according to rigorous principles. 3, 20 Many stereotactic devices can be used for the implantation of intracerebral electrodes for SEEG. The use of a robotic assistant has recently gained popular-ABBREVIATIONS FM = fiducial marker; IQR = interquartile range; LE = localization error; SEEG = stereoelectroencephalography; US = ultrasound.
ity, with excellent results in terms of application accuracy and safety. 1, 11, 12, 15, 25 Patient registration can be performed in frame-based or frameless conditions. Since the fall of 2008, we have used a robotic assistant in frame-based conditions for implanting all SEEG electrodes at Niguarda Hospital. 4 A new device for frameless registration, compatible with our robot, has recently become available. The purpose of this paper is to describe the results of 2 studies aimed at comparing the accuracy provided by this new device with that of frame-based procedures.
Methods
The present article reports on the results of 2 independent studies. The first is a laboratory study performed on a phantom; the second is a retrospective analysis of a convenience surgical series. Both studies were aimed at assessing the stereotactic accuracy of robot-assisted SEEG electrode implantation using the Neurolocate patient registration module (Renishaw Mayfield SA).
The clinical use of the robotic assistant in frame-based conditions at our center was detailed in previously published papers. 4, 6, 7 The Neurolocate Device
The Neurolocate device is a new, frameless patient registration module designed to be used with the Neuromate stereotactic robot (Renishaw Mayfield), a 5-degreesof-freedom passive robot. The Neurolocate module has 5 synthetic ruby balls (Neurolocate fiducial markers [FMs] ), which are attached to an FM frame by means of 5 carbonfiber rods (Fig. 1) . The FM frame is, in turn, attached to the laser tool holder, which is mounted on the Neuromate arm.
The robotic arm is first moved so that the Neurolocate module is very close to the head of the patient, after the head holder is attached to the robot, at the beginning of the patient registration.
A 3D data set is then obtained with an intraoperative CT scanner. Finally, a specific software module is used to complete the registration, selecting the center of the Neurolocate FMs in the multiplanar reconstructions provided by the Voxim stereotactic planning software (IVS Technology GmbH) (Fig. 2) . The planning software can compute the transformation matrix from the image space to the robot space, because the positions of the 5 Neuromate FMs are sent by the robot to the control workstation. Thus, once the registration has been completed, the robotic arm FIG. 1. Photograph of the phantom study setup with the Neurolocate frameless registration module in place. The Neurolocate module is made of a body (black arrow) with 5 carbon-fiber rods (green arrow) supporting synthetic ruby balls (red arrow). The module is attached to the robotic arm (white arrow) by means of the laser holder (orange arrow).
FIG. 2. Basic steps of Neurolocate registration. A:
The Neurolocate module is brought very close to the patient's head, without touching it, by moving the robotic arm with a remote control. B: A 3D image data set is obtained with the O-arm. C: The centers of the Neurolocate FMs are selected in multiplanar reconstructions in a semiautomated procedure by means of the stereotactic software.
can align the tool holder with the vector of the planned trajectories.
Cone-Beam CT
For both the phantom study and the clinical case series, imaging data sets were acquired with an O-arm 1000 system (Medtronic). This cone-beam CT scanner is able to produce 3D CT-like data sets and 2D projective x-ray images. The reconstructed 3D volume is a 200 × 150-mm cylinder, described by a series of 12-bit DICOM (Digital Imaging and Communications in Medicine) files (192 axial slices, 512 × 512 matrix, 0.415 × 0.415 × 0.833-mm anisotropic voxels). We acquired data sets using the preset high-definition and the standard-definition protocols, respectively, for the phantom study and the clinical retrospective study.
Phantom Study
This was a noninferiority study aimed at testing the null hypothesis that the stereotactic accuracy of Neurolocate-based frameless procedures does not differ from that of Talairach-frame-based procedures.
The phantom was a humanlike plastic skull without the cranial vault. Ten internal FMs (Cranial Marker System, Leibinger) were fixed to the skull, covering the 3 cranial fossae, bilaterally. Each phantom FM is made of a cranial screw supporting a removable CT-visible target. The phantom was fixed to the pillars of a Talairach stereotactic frame by means of 4 conical pins. The frame was attached to the Neuromate robotic assistant by means of a dedicated support (Fig. 3) .
The measuring probe supported a synthetic ruby ball as an FM on its tip (probe FM), easily visible on our CT-like data sets. The probe was fixed to the tool holder of the robotic arm by means of a dedicated adapter with the length set at 100 mm ( Fig. 4) .
Two experiments (Experiments 1 and 2) were performed. In both experiments registration was performed in a frameless condition with the Neurolocate module and in a frame-based condition with the dedicated x-ray localizers. The position of the phantom was changed between the 2 experiments, simulating 2 different surgeries. The experiments were otherwise identical.
Neurolocate was brought close to the phantom, at the beginning of each experiment. A 3D planning data set was obtained, as long as 2 bidimensional (2D) radiographs in anteroposterior and laterolateral projection. The Neurolocate registration was then completed with Voxim ( Fig. 3 ). Of note, the Tailarach frame served only as a head holder, when the Neurolocate module was used. Ten trajectories were then planned, targeting the 10 phantom FMs. The phantom FM target was removed from its support, and the probe was advanced, ideally placing the center of the probe FM in the same position of the removed FM target. This was performed for each trajectory, obtaining 10 image data sets. The frame-based part of the experiment started after the Neurolocate part of the experiment was completed. The 2 radiographs previously obtained with the planning data set were uploaded into Voxim, and the dedicated localizers were selected in both projections, as in the clinical setup previously described. 4, 6 A point-topoint registration was subsequently performed between the 2D images and the 3D data set, selecting the Neurolocate FMs and some of the phantom FMs on both the image modalities. Thus, the phantom position inside the frame space was registered to the robotic workspace. Next, 10 image data sets were obtained for visualizing the position of the probe FM, targeting the 10 phantom FMs, as in the previous section of the experiment.
Overall, 40 trajectories were planned (20 in each experiment), and 40 image data sets were acquired with the measurement probe in position. Each data set with the positioned probe FM was automatically registered to the planning data set, and the quality of the registration was visually checked for accuracy. The localization error (LE) was subsequently measured in the planning software as the Euclidean distance between the center of the phantom FM and the center of the probe FM.
Retrospective Clinical Study
We started to use the Neurolocate module systematically in the fall of 2016 at our center, following a period of preliminary optimization and validation. For the retrospective analysis, we therefore selected a series of 8 consecutive patients who underwent SEEG implantations between September and December 2016.
LE was measured in the planning software as the Euclidean distance between the planned cortical entry point and the major axis of the electrode (entry point LE) and between the planned target point and the tip of the implanted electrode (target point LE). The measurement procedure was detailed in previous publications. 4, 6 Data from the 8 selected patients were compared with data from a historical control group. 4 We intended to check whether the accuracy of a new technique, frameless registration with the Neurolocate module, was noninferior to frame-based registration with a Talairach frame, which was considered as the gold standard. In fact, we recently reported 237 SEEG procedures with 3252 electrodes that caused no major intracranial bleeding. 2 It was necessary to define which is the higher LE still acceptable for SEEG safety, to estimate the confidence interval. The group at Fondation Rothschild, Paris, has, over a long period, used the Neuromate stereotactic robot in frameless conditions with an ultrasound (US) device for patient registration [9] [10] [11] and reported no major bleeding; thus, we obtained useful data from a previous phantom study comparing Neuromate accuracy in framebased and US-frameless conditions. 15 The authors reported mean LEs (± SD) in frame-based and US-frameless conditions of 0.86 ± 0.32 mm and 1.95 ± 0.44 mm, respectively. Based on these data, we designed a 2-arm study with a minimum sample size equal to 12 patients in each arm (total sample size 24), reaching a power greater than 99% to detect the specified noninferiority, at a significance level of a = 0.025, accordingly to the suggestions given by Chow and coauthors. 8 We largely respected the minimum requirements of the study design, since we tested 40 trajectories (20 for each arm of the study).
Statistical Analysis
Normality of values was tested with the Shapiro-Wilk test. Mean values were compared with the Welch 2-sample t-test, if the data were normally distributed; for data that were not normally distributed, median values were compared with the Kruskal-Wallis test. Since the phantom study was a noninferiority one, values of p < 0.025 were considered as evidence of findings not attributable to chance. For the retrospective clinical comparison, however, the significance threshold was set at 0.05. Statistical analysis was performed with R 3.3, developed by the R Foundation for Statistical Computing (https://www.Rproject.org/).
Approvals
The Niguarda Hospital ethics committee approved both studies.
Results

Phantom Study
The raw data from the phantom study are reported in Table 1 . The LE values were normally distributed with both Neurolocate and frame-based registration.
The mean LE was 0.67 ± 0.29 mm for Neurolocatebased trajectories and 0.76 ± 0.34 mm for frame-based trajectories (p = 0.35), indicating that the accuracy of Neurolocate-based registration is noninferior to that of frame-based registration. The LE values for the Neurolocate-based and frame-based trajectories ranged from 0.34 to 1.37 mm and from 0.16 to 1.54 mm, respectively.
Retrospective Clinical Study
Eight consecutive patients (5 male, 3 female) underwent implantation of a total of 127 intracerebral SEEG electrodes with a Neurolocate-registration-based procedure. The historical control group was made up of 78 patients (49 male, 29 female) who underwent 81 SEEG electrode implantation procedures with a frame-registration-based procedure, for positioning of a total of 1050 intracerebral electrodes. 4 The mean age of the patients was 25.5 ± 10.4 years in the group that underwent Neurolocate-registration-based procedures and 25 ± 11 years in the group that underwent frame-registration-based procedures (p = 0.9).
In 7 of the 8 Neurolocate-registration-based procedures, the patient's head was fixed with the Talairach frame, used only as a head holder. In the remaining procedure, the patient's head was fixed with a Sugita-like headrest system. All of the SEEG procedures were successfully completed, and no complications occurred.
The entry point LEs and target point LEs were not normally distributed. The median entry point LE was 0.59 mm (IQR 0.25-0.88) for Neurolocate-registration-based trajectories and 0.78 mm (IQR 0.49-1.08) for frame-registration-based trajectories (p = 0.00002). The median target point LE was 1.49 mm (IQR 1.06-2.4) for Neurolocate-registration-based and 1.77 mm (IQR 1.25-2.5) for frame-registration-based trajectories (p = 0.05).
Discussion
To the best of our knowledge, this is the first study reporting on the accuracy of Neurolocate-based registration with the Neuromate sterotactic robot.
No major bleedings occurred in the previously reported 237 SEEG procedures (3252 electrodes) performed with the frame-based workflow used at our center since fall 2008. 2 Since we demonstrated that Neurolocate registration is not inferior to the gold standard, it should have a safety profile similar to frame-based registration.
Accuracy in Phantom Studies for Robotic Brain Surgery
Our 40-trajectory phantom study demonstrated that the stereotactic accuracy obtained with Neurolocate registration is not inferior to that obtained in frame-based conditions.
Of note, it must be considered that with our method the final LE is the sum of 4 components: 1) the geometrical characteristics of the planning image data set, 2) the registration error, 3) the intrinsic mechanical error of the robotic arm, and 4) the measurement error. The intrinsic accuracy of the Neuromate robot, measured at the time of the phantom study, was 0.45 mm. Thus, the part of the LE caused by the Neurolocate module is only a few tenths of a millimeter.
Li et al. 15 compared the accuracy of Neuromate in frame-based and US-frameless conditions, reporting mean (± SD) LEs of 0.86 ± 0.32 mm and 1.95 ± 0.44 mm, respectively. Our results in frame conditions are similar, while our frameless ones are definitely better. Thus, we conclude that the Neurolocate system is the best option for frameless registrations with the Neuromate stereotactic robot.
Varma and Eldridge 26 reported results from a study performed with Neuromate and US-frameless registration, too. The mean LE was 1.29 mm, taking into account that the slice thickness of the CT planning data set was 1.5 mm, under their best experimental conditions.
Lefranc et al. 14 ± 0 mm with identical O-arm image data sets, frameless laser-based registration, and the ROSA robotic system (Medtech) in a 20-trajectory study. Nevertheless, it is difficult to compare our results with theirs because they did not detail the measurement method. We measured the LE in the image space, likely overestimating it. However, our method is the only one that can be adopted in both phantom and clinical conditions, and therefore it is advantageous to make a comparison between in vitro and in vivo conditions. Minchev et al. 18 reported a mean accuracy of 0.6 mm (range 0.1-0.9 mm) with a 3D CT data set (slice thickness 0.625 mm), optical tracking registration (Medtronic StealthStation S7), and iSYS1 robot (Medizintechnik) in a 162-trajectory study. LEs were measured by means of a digital caliper. The same group reported a mean accuracy (± SD) of 0.8 ± 0.7 mm, based on 5 trajectories, in another study. The analysis was carried out in similar conditions, adding some hardware for SEEG procedure optimization. 10 Von Langsdorff et al. 27 reported a mean accuracy (± SD) of 0.44 ± 0.23 mm, coupling the Fisher frame and Neuromate in a 21-trajectory study. Nevertheless, details about the planning data sets and the coregistration method were not provided.
In conclusion, the above-listed phantom studies suggest that US-frameless registration is less accurate than other methods. Other registration techniques and devices provided similar results, but the heterogeneity of study methods make a rigorous comparison difficult.
Accuracy in Clinical Studies for SEEG
SEEG-derived accuracy estimation is intrinsically different from deep brain stimulation and biopsy procedures, under clinical conditions. In fact, SEEG electrodes are semirigid and implanted without any guide tubes, so intracranial deviations can occur. Therefore, the entry point LE is the best measure to evaluate the accuracy of the stereotactic system in SEEG implantations. The cortical entry point is also the most important region for safety profiles. 4 Gonzalez-Martinez et al. 12 reported a median entry point LE of 1.2 mm (IQR 0.78-1.83 mm) from 500 electrodes implanted with the ROSA robot in frameless conditions.
Dorfer et al. 10 reported a mean entry point LE of 1.3 mm (range 0.1-3.4 mm) from 93 electrodes implanted with optical tracking registration and an iSYS1 robot. For the subset of the most recent 31 electrode implantations with optimized hardware, they reported a mean entry point LE (± SD) of 1.18 ± 0.5 mm.
Roessler et al., 23 reported a mean entry point LE (± SD) of 1.4 ± 1.2 mm from 58 electrodes implanted with the use of an intraoperative MR scanner (Magnetom Sonata; Siemens Medical Solutions) and an optical-tracking-based navigation system (Brainlab AG).
In summary, all of the previously reported entry point LEs are larger than 1 mm in real clinical conditions, while our results with Neuromate have been submillimetric with both frame-based and Neurolocate registration methods. This suggests that use of the Neurolocate system could further reduce the rate of intracranial bleedings, although our clinical results are based on only 127 trajectories from 8 patients. 2 Our experience with the Neurolocate system is limited. Nevertheless, it is a promising tool that provides an accurate and easy registration with a compatible intraoperative CT scanner. We do not need to take the patient to an external CT room, thanks to the availability of the intraoperative imaging system.
In the future, we will collect further data to assess whether Neurolocate registration can effectively reduce SEEG surgical time.
Conclusions
The Neurolocate patient registration module is a brand new, frameless, noninvasive registration tool compatible with Neuromate robotic assistant. Its use can increase the ease of modern robotic SEEG procedures, while still having an accuracy and safety profile similar to that of framebased registration.
